Preterm deliveries remain the leading cause of neonatal morbidity and mortality. Current therapies target only myometrial contractions and are largely ineffective. As labor involves multiple coordinated events across maternal and fetal tissues, identifying fundamental regulatory pathways of normal term labor is vital to understanding successful parturition and consequently labor pathologies. We aimed to identify transcriptomic signatures of human normal term labor of two tissues: in the fetal-facing choriodecidua and the maternal myometrium. Microarray transcriptomic data from choriodecidua and myometrium following term labor were analyzed for functional hierarchical networks, using Cytoscape 2.8.3. Hierarchically high candidates were analyzed for their regulatory casual relationships using Ingenuity Pathway Analysis. Selected master regulators were then chemically inhibited and effects on downstream targets were assessed using real-time quantitative PCR (RT-qPCR). Unbiased network analysis identified upstream molecular components in choriodecidua including vimentin, TLR4, and TNFSF13B. In the myometrium, candidates included metallothionein 2 (MT2A), TLR2, and RELB. These master regulators had significant differential gene expression during labor, hierarchically high centrality in community cluster networks, interactions amongst the labor gene set, and strong causal relationships with multiple downstream Regulation of choriodecidua and myometrium at term, 2018, Vol. 98, No. 3 423 effects. In vitro experiments highlighted MT2A as an effective regulator of labor-associated genes. We have identified unique potential regulators of the term labor transcriptome in uterine tissues using a robust sequence of unbiased mathematical and literature-based in silico analyses. These findings encourage further investigation into the efficacy of predicted master regulators in blocking multiple pathways of labor processes across maternal and fetal tissues, and their potential as therapeutic approaches.
Introduction
Labor involves sensitization of the uterus to contractile signals, with amplification and increased frequency of myometrial contractions. However, labor also involves a multitude of events, including inflammatory signaling, decidual activation, fetal and maternal endocrine coordination, cervical ripening and dilation, fetal membrane dissociation, and placental separation [1] [2] [3] [4] [5] . Pathologies such as preterm delivery remain a leading cause of infant morbidity and mortality [6] . Treatments for preterm labor target a single event-myometrial contractions-and these tocolytics have low efficacy, do not improve fetal outcomes, and are associated with maternal side effects [7] . Multiple pathways in the labor cascade are likely to be contributing factors in premature deliveries and focusing on more than a single process and in more than one tissue layer, may be more effective in preventing preterm labor. To date, most studies investigating physiological changes during labor have focused on a single tissue layer, often the myometrium. The decidua is the interface between the fetal tissues and myometrium and is the site of significant laborassociated inflammatory, progesterone, and prostaglandin activity [1, 4, [8] [9] [10] . Moreover, recent studies propose cellular senescence in the amniochorion as a key dictator of timing of labor [11] . Our approach to characterizing uterine changes during term labor therefore includes analyses of concurrent events in both the myometrium and choriodecidua.
Early events of normal term labor are still being characterized in maternal and fetal tissues and there is a wealth of studies identifying differential expression of genes involved in labor; however, their interactions and regulatory relationships in the different tissue types are poorly understood. Identifying the upstream regulators of a suite of essential labor mediators is essential for understanding the complexities of normal labor and consequently labor pathologies and development of effective therapeutics.
Microarray technology has generated extensive lists of genes whose expression changes with labor. In the myometrium, these include contractile-associated genes: prostaglandin synthase 2 (PTGS2), prostaglandin F 2A receptor, oxytocin receptor (OXTR), and gap junction 1 [3, 5] . Other significantly altered genes include those involved in cytoskeletal structure, cell metabolism, cell death, signal transduction, and inflammatory cytokines [2, 3, 8, 9] . Likewise, studies have identified a strong inflammatory response not associated with a microbial response in intact fetal membranes and choriodecidua. These include widespread upregulation of chemokines, cytokines, NFKB complex components, and toll-like receptors (TLR), and with genes governing tissue remodeling and cell survival, e.g. TP53, BCL2 family [1, 4] . Preliminary pathway analysis identified putative upstream regulators of choriodecidual labor transcriptome, including NFKB components and microRNAs (miR-21, - 46, -141, -200) [4] . Further network analysis is required to identify key components of the labor process, regulators and characterization of causal relationships of downstream effector genes.
We hypothesized that a comprehensive global network analysis of transcriptomic data from choriodecidua and myometrium would identify master regulators of labor in these two intimately associated uterine tissues. We aimed to (1) perform hierarchical network analysis to prioritize the most significant interactions between genomic clusters and genes differentially expressed in labor; (2) identify potential regulatory candidate genes in each tissue; and (3) test whether inhibition of the predicted master regulator candidates would alter expression of downstream labor-associated molecules.
Materials and methods

Microarray data
Term labor choriodecidua transcriptome data described by Stephen et al. were used [4] . In brief, all samples were from term deliveries (37-42 weeks gestation) with uncomplicated pregnancies: elective caesareans, no active labor (n = 12; term no labor), and vaginal deliveries (n = 11; term active labor). Isolated RNA samples were hybridized to genechip Human Genome U133 Plus 2.0 Array (Affymetrix, UK), data normalized using robust multiarray analysis from Affymetrix Microarray Suite [10] , and statistically processed using PUMA package [11] . This study used the parameters of probability of positive log ratio (PPLR) of at least 0.997 and less than 0.00001.
Publicly available myometrial transcriptomic data accession GSE9159 was accessed from NCBI GEO database [5] . The data were generated using the same genechip as above, with uncomplicated pregnancies at term (38-41 weeks gestation) from caesarean sections after onset of labor (n = 6; emergency section after normal active labor but arrest of cervical dilation at ≥6cm), or no labor (n = 6; elective cesarean section after 38 weeks of gestation, with no signs of labor). Data were extracted and normalized using the R statistical package and a statistical restriction of P < 0.02.
Network analysis of the labor transcriptome
To investigate the relationships between differentially expressed genes, all known protein:protein interactions were referenced from the Biological General Repository for Interaction Datasets (BioGrid Version 3.2.117; http://thebiogrid.org) [12] . To prioritize and identify the hierarchy of interactions and ensure robustness of the analysis, a network analysis protocol was developed using two Figure 1 . Workflow of in silico analyses. The microarray data were extracted and analyzed for candidate master regulators with high centrality and connectivity using (1) ModuLand (2) ClusterOne, and (3) Causal analysis. mathematical algorithms, cross-referencing to the differentially expressed transcript data, followed by analysis of downstream interactions using literature-based causal analysis (Ingenuity Pathway Analysis software; IPA) ( Figure 1 ) [13] . The work flow was as follows:
1. Mathemathical network modeling using Cytoscape (software version 2.8.3 with BioGrid database). This study used the plugin ModuLand to measure centrality of gene clusters with an overlapping community approach, thus forming an interconnected hierarchy where nodes (clusters of genes) form the core for the upper level, designated as a meta-node (cluster of nodes) [14] . Each meta-node is represented by the top-most central gene in the cluster. 2. The highest ranked interconnected regulators (all meta-nodes, nodes in the top 5 meta-nodes, and any duplicate nodes) were cross-referenced to array data for differential gene expression associated with labor. The refined dataset was subjected to secondary mathemathical modeling using ClusterOne plugin [15] .
To prioritize the volume of hierarchially ranked data, only regulators identified by both mathematical models were included for casual analysis. 3. Literature-based causal analysis was performed using IPA to identify master regulators with a network of downstream genes with established association with labor [16] .
In vitro analyses: choriodecidua
Placentas were obtained from women with uncomplicated pregnancies undergoing elective caesarean section at term (37-42 weeks, n = 6). Written informed consent was obtained and ethical approval granted by North West REC (#08/H1010/55(+55)). Choriodecidua was sampled from the mid-zone area of fetal membranes as described [17, 18] . Media culture products were purchased from GIBCO (Life Technologies, UK) unless otherwise stated. Choriodecidual cells were isolated using methods adapted from published studies [19, 20] . In brief, tissues were mechanically macerated and digested with collagenase (1.0 mg/ml, Sigma-Aldrich, UK) and DNase (20mg/ml, Sigma-Aldrich) at 37
• C for up to 60 min. Ten percent fetal bovine serum (FBS) was added to inhibit enzymatic activity before filtering through a wire mesh and 40 μm filter. Choriodecidual cells were separated from erythrocytes using histopaque (Sigma-Aldrich) and then cultured at 5 × 10 5 per ml in DMEM/F-12 (supplemented with L-glutamine (1.5 mg/ml), penicillin streptomycin (0.5 mg/ml), 10% (v/v) FBS, B-estradiol (10 −8 M, Sigma-Aldrich), and progesterone
To confirm isolated cells were choriodecidual, they were characterized by immunocytochemical staining as described [21] , using monoclonal antibodies against: IGFBP-1 and vimentin (VIM) for decidual stromal cells, CD45 (DAKO, UK) for leukocytes, cytokeratin 7 for epithelial cells (Supplementary Figure  S1) . Primary antibodies are listed in Table 1 and were purchased from DAKO, UK. Negative control was a non-immune mouse IgG (Sigma-Aldrich, UK) at matching concentrations. To inhibit VIM, the protein kinase C (PKC) inhibitor Gö6983 was used at 100 nm (G1918; Sigma Aldrich, UK). This concentration has been shown to reduce VIM protein expression [22] , decrease focal attachments between adherent cells and reduce cellular motility [23] . For TLR4, the cyclohexene inhibitor TAK-242 was used at 1 μm (TLRL-CLI95; Invivogen, France) [24] . The vehicle control was DMSO (0.002% v/v). Cells were treated for 24 h with inhibitors or vehicle. [26] . A neutralizing antibody Mab hTLR2, Clone TL2.1 (100 ng/ml, Invivogen, France) was used to inhibit TLR2 [27] . Vehicle controls were DMSO (0.002% for MT2A) or media (for TLR2). Cells were treated for 24 h with inhibitors or vehicle.
Quantitative real-time quantitative PCR
Total RNA was isolated from cultured cells using the Mirvana miRNA Isolation Kit (Ambion, UK), followed by assessment by Nanodrop 2000 UV-Vis Spectrophotometer. RNA was reverse transcribed using Affinity Script Multiple Temperature cDNA Synthesis Kit (Agilent, UK) and RT-qPCR performed using Ultra-Fast SYBR Green qPCR Master Mix III (Agilent), and Stratagene MX3005 machine. Multiple reference genes were screened before selecting GAPDH for choriodecidual cells and YWHAZ for myometrial cell line, as the most stably expressed reference genes for data normalization. Primers are in Table 2 .
Results
Network analysis and identification of regulatory genes Choriodecidua
The original data identified 796 significant transcriptional changes following labor [4] ; these were used to generate a network model of protein:protein interactions (4980 nodes (genes) with 12914 interactions). Analysis of the network structure via ModuLand identified a hierarchy of 71 meta-nodes (gene modules), with 1610 interactions ( Figure 2 ). The genes representing each meta-node possessed high centrality in the cluster of connected genes (nodes). The top 20 meta-nodes in the choriodecidua labor network and their respective core nodes are hierarchically illustrated in Table 3 , together with their biological functions and pathways. The network is dominated by gene clusters governing cellular responses to stress and hypoxia, cell death/survival, cell cycle regulation, and circadian rhythm. Immune regulatory and inflammatory clusters are also highly ranked. The core nodes within the top meta-nodes also have a high hierarchal ranking, e.g., NFKBIA, TP53, and VIM are found within the top meta-node clusters, indicating a strong interactive community within the network. The meta-nodes, core nodes in top 5 meta-nodes, and duplicated genes (in either meta-nodes or nodes) were independently analyzed using the ClusterOne plugin; this identified 20 candidates with highly significant predictive interactions in the labor transcriptome (data not shown). These were subjected to IPA Causal Analysis to refine the list of regulator candidates to those with the strongest 
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Metabolism of lipids (P < 6.0 × 10 predicted regulatory relationships with established mediators of labor. The final potential regulators of the choriodecidual labor transcriptome were VIM, TLR4, and TNFSF13B (Table 4 ). All were significantly upregulated by labor, highly ranked in hierarchical networks by both algorithms, and had regulatory effects on multiple genes associated with term labor.
The causal analysis for VIM-predicted regulation of five genes, including mitogen-activated protein kinase 1 (MAPK1 or ERK), snail family transcriptional repressor 1 (SNAI1), and phospholipidase A2, which in turn have regulatory actions on 41 genes including matrix metalloproteinases (MMPs), cytokines, chemokines, and PTGS2 ( Figure 3 ). As expected, TLR4 regulated a suite of inflammatory Figure S3) .
Myometrium
The myometrial genomic dataset was analyzed using the analysis workflow developed. From the 717 myometrial transcripts significantly altered with labor, the BioGrid network model generated 4886 nodes with 12 112 interactive relationships. At the next hierarchical level, there were 64 meta-nodes and 1277 interactions ( Figure 4 ). There were similarities in the biological and canonical pathways with the choriodecidua network meta-nodes, with prominent involvement of community clusters regulating responses to hypoxia, cell cycle, and survival, together with TGFB, immune and inflammatory signaling (Table 5) . ClusterOne analysis reduced the number of candidate clusters to the 30 most interconnected (data not shown). These were refined by causal analysis to three final gene candidates with strong causal relationships, with a significant number of differentially expressed labor-associated genes (Table 4) . These were intracellular ion-regulator, MT2A (or MT2), RELB, and TLR2. The downstream causal relationships supporting MT2A as a primary component demonstrated a primary regulation of NFKB, leading to regulation of transcription factors (e.g., estrogen receptor, PPARG, TP53) and inflammatory genes ( Figure 5 ). The candidate regulator TLR2 was predicted to regulate multiple inflammatory and labor-associated genes, including PTGS2, interleukins, NFKB, and signaling molecules (Supplementary Figure S4) . The regulator RELB downstream genes exhibited strong overlap with those of MT2A, including estrogen receptor, cytokines, and NFKBIA (Supplementary Figure S5) .
Commonality within the each network of master regulators of labor in the choriodecidua and myometrium
The network relationships of the candidate regulators to selected downstream labor-associated genes are summarized in Figure 6 . Although each master regulator had a distinct repertoire of downstream genes, there was a degree of overlap, particularly for immunoregulatory or inflammatory genes, well-known to be associated with labor. To explore potential intertissue relationships further, the interconnections between the top 15 meta-nodes for each tissue were mapped ( Figure 7 ). The majority of meta-nodes were distinct for myometrium and choriodecidua; however, the highest ranked common core biological functions of active labor were identified and cross referenced across the myometrium and choriodecidua networks generated. In particular, SHC adaptor protein 1 (SHC1) featured as a highly ranked meta-node in both tissues, and there was strong functional overlap with the myometrial meta-node and node network represented by phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1).
Inhibition of master regulators
Inhibition of VIM in choriodecidual cells (n = 7) with Gö6983 resulted in reduced IL8 mRNA expression (P < 0.05; Figure 8A ). Inhibition of TLR4 resulted in elevated IL1RN (P < 0.05), reduced PTGS2 (P < 0.05), and a trend for reduced CCL2 and CCL8 (P = 0.07; Figure 8B , n = 7). Inhibition of MT2A in myometrial cells (n = 9) resulted in downregulated IL1A, IL1B, IL1RN, IL6, IL8, CD44, and VIM mRNA expression (P < 0.05-0.01; Figure 9A ). Inhibition of TLR2 led to downregulation of IL8 and CD44 (P < 0.05; Figure 9B ).
Discussion
Using a robust and unbiased global network analysis workflow, we have defined relationships of transcriptomic communities altered during active term labor in human myometrium and in human choriodecidua. Additionally, we have identified genes with high centrality highlighting the functional importance of gene:gene interrelationships within each network during labor. We have further identified candidate genes with strong predicted regulatory actions within each of these transcriptomic networks. The top six regulators of active labor (VIM, TLR4, and TNFSF13B in the choriodecidua, and MT2A, TLR2, and RELB in the myometrium) were prioritized based on their regulatory effects on known mediators of labor. The identification of TLRs as master regulators in this study, which have established roles in parturition [28] [29] [30] [31] [32] [33] [34] , highlights their central regulatory role in the cascade of labor and provides confidence in our use of unbiased predictive in silico methods. The regulator VIM is a cytoskeletal intermediate filament component with roles in a number of cellular processes. It is abundantly expressed by decidual stromal cells, decidual resident macrophages, and in the chorionic trophoblast layer that directly overlies the decidua [4] . It is a marker of epithelial to mesenchymal transition classically involved in maintaining cell structure, polarity, cell-tocell adhesion, and cellular motility [35] . Duquette et al. proposed that the upregulation of VIM protein may sustain regular muscle contractions in laboring myometrium [36] , but this idea has not been further explored to date. The VIM gene promoter contains a conserved NFKB sequence [37] , is associated with elevated PTGS2 expression [38] , and is also associated with increased cytokine/chemokine expression and macrophage infiltration [4, 9, 17, 18] . These interactions support our analysis of VIM as a major regulator of labor in the choriodecidual network with interactions and downstream actions on key elements of the labor cascade.
The other highly ranked regulator, TNF superfamily member TNFSF13B, is involved in infection and innate immune responses [39] . Upregulated in placenta during late pregnancy, it contributes to maternal T-helper cell adaptations to the fetus [40] . Transcript variants or reduced expression are associated with pregnancy pathologies such as pre-eclampsia and miscarriage [41, 42] . The cellular origin of choriodecidual expression of TNFSF13B is unknown; however, it localizes to the endometrial stroma and endometrial glands, and is also expressed in the syncytiotrophoblast, trophoblasts, and Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/3/422/4797155 by OUP site access user on 08 October 2018 Table 5 . Hierarchical ranking of the top 20 meta-nodes and their highest ranked nodes in the myometrial term labor network map.
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Cell response to hypoxia, Apoptosis, DNA replication and repair (P < 1. some stromal cells of the placenta [43] . It is also abundantly expressed by macrophages [44] , which are present in significant numbers in decidua during term labor [17] . Our network prediction supports the regulatory role of TNFSF13B with widespread downstream effects on inflammation, growth factor signaling, and ECM remodeling.
The genes TLR2 and 4 were predicted as regulators of the myometrial and choriodecidual labor transcriptome, respectively. They are microbial response receptors that activate NFKB signaling and coordinate inflammatory responses in response pathogens, including in infection-associated preterm labor [4, 45, 46] . TLR2 mRNA and protein localizes to myometrial cells, is strongly expressed in tissue-resident leukocytes, and its expression is increased during active labor [28] . TLR4 mRNA and protein localizes to decidual cells and tissue-resident decidual macrophages; its expression in the decidua exhibits a cyclic pattern across normal pregnancy with its highest expression at term [47] . Abnormally high protein expression of decidual TLR4 is evident in pregnancy pathologies such as early onset pre-eclampsia [48] . These two specific TLRs can be activated by noninfectious danger-associated molecular pattern molecules liberated as a result of tissue trauma, cell death, and cellular stress [49] . Our in vitro results in basal conditions suggest a homeostatic role for these receptors, and preparation for normal term labor. Both TLRs are upregulated in placental and uterine tissues during active labor [1, 4, 31, 50] , with roles in amplifying cytokine and MMP expression and prostaglandin synthesis [18, [51] [52] [53] . Previous studies reported reduced PTGS2 and cytokine expression in decidual cells following TLR4 inhibition [51] ; our data support the TLR4 mediation of PTGS2 and upregulation of anti-inflammatory IL1RN in normal term choriodecidual cells. Neutralization of TLR2 inhibited IL8 and CD44 mRNA expression in myometrial cells, consistent with their involvement in immune responses during labor [3, 5, 8] .
A member of the NFKB complex, RELB, was also defined as a predicted master regulator of myometrial labor transcriptome. Studies of labor have classically focused on other NFKB isoforms (RELA, C-REL, P52, and P50) [54] , and the role of RELB and its noncanonical pathways of NFKB activation are unclear. RELB mRNA is expressed in term myometrial cells [55] . Although it was not experimentally tested in this study, we identified it as a highly ranked component of the myometrial network with a potential role in mediating major networks of labor. Connective relationships between hierarchically ranked meta-nodes-nodes in human choriodecidua and myometrium. Meta-nodes are arranged hierarchically by color intensity in an anticlockwise direction (marked by rank [see Tables 3 and 5] ). Dotted gray line separates the choriodecidua and myometrium network models. Biologically common relationships between the meta-node clusters are marked by two headed arrows, sharing at least three clusters of genes (nodes). The intersection demonstrates two major meta-nodes PIK3R1 and SHC1 sharing a significant number of nodes and genes.
The myometrial regulator MT2A is involved in heavy metal binding and cellular homeostasis [56] . Elevated expression in the myometrium has been reported in term labor [57] , and possesses functions that overlap with multiple labor processes, including inflammation [58] , and progesterone and estrogen signaling [59, 60] . Our findings from in silico and in vitro analyses support a role for MT2A as a core regulator of myometrial inflammatory genes. These findings expose an alternative inflammatory regulation during labor, via alteration of heavy metal homeostasis, as described in macrophages where low intracellular iron levels affect TLR signaling and cytokine production [61] . Iron chelation contributes to immunomodulation, in determining cellular pro-or anti-inflammatory responses [62] . In this study, widespread suppression of established labor mediators by MT2A inhibition strengthens the hypothesis that MT2A is a master regulator of the labor cascade.
To our knowledge, this is the first study to perform detailed network analyses of transcriptomic changes and identify key upstream regulators, in two uterine layers during term labor. The inclusion of both tissues are a significant strength of the study, as extensive laborassociated changes occur in the choriodecidua and myometrium and as such, therapeutic approaches to prevent preterm labor are likely to be more successful if they target both tissue layers. As expected from the differences in their biological functions, there are distinct transcriptomes and regulatory processes in each of the myometrium and decidua. We also identified shared core labor-associated biological functions such as immunoregulatory and growth factor signaling, indicating there are molecular pathways that are fundamental to active labor. However, interpretations of overlaps and interactions between these tissue layers must be made with caution, as there are inevitable differences in the way these two tissue types were sampled. Importantly, the myometrial samples were collected during labor, while the choriodecidua was sampled immediately following active labor, and therefore the transcriptome of the latter likely includes additional changes related to delivery. For this reason, we have restricted the majority of our analyses to each tissue layer separately, but include a tentative comparison of the core regulators to examine potential commonalities and interactions. Future studies could confirm the putative interactions involving SHC1 and PIK3R1 between decidua and myometrial using tissue samples from the same patients. Strengths of this study include the unbiased in-depth analyses of the laboring transcriptome and stringent prioritization of master regulators, and identification of causal relationships within the labor cascade of those regulators. Importantly, the only method relying on literature sources (and therefore susceptible to publication bias) was the final casual analysis, with prior analysis methods utilizing strictly mathematical algorithms to predict gene-gene and protein-protein interactions. The coupling of in silico and in vitro approaches adds an additional perspective, and while the latter did not have alter expression of all predicted mediators, the inhibition of MT2A in particular provides confidence that interfering with a single regulatory gene can impact a broad gene network. Other limitations concern the basal expression of the cells studied-successful inhibition of laborassociated genes is likely to require prior stimulation, i.e., by labor. Optimization of treatment regime and concentrations would better elucidate the pharmacokinetics and effectiveness of inhibitors, and this should be embarked upon before in-depth studies to test their therapeutic potential. Using chemical inhibitors does not preclude off-target effects. We used a PKC inhibitor to deplete MT2A and VIM at different concentrations based on published studies. However, blocking PKC activity can downregulate other pathways including prostaglandin F 2A receptor [63] , OXTR [64] , cell junctions [65] , and cytokine production [66] . Direct suppression of the gene targets would be possible using siRNA-mediated depletion; however, the goal of this study was to provide proof of concept evidence for generating regulatory targets for labor by network analysis and to investigate potential therapeutics that could be more easily translated to clinical practice.
In summary, we identified unique gene candidates with differential expression during labor, high centrality in the network of laboring signals, and significant causal relationships within the labor cascade. These centrality features indicate important roles in regulating the labor transcriptome and therefore identifies them as putative master regulators of labor. Future work is required to investigate the therapeutic potential of these candidate regulators of labor. Though the regulator candidates were dissimilar between choriodecidua and myometrium, they shared common downstream genes, many of which were inflammatory in nature. Future comparative network analyses may identify more interconnected regulatory metanodes between choriodecidua and myometrium, enabling targeting of therapies to both tissues.
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